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How the mitosis of neuroepithelial stem cells is
restricted to the apical ventricular area remains
unclear. In zebrafish, the mosaic eyesrw306 (moe/
epb41l5rw306) mutation disrupts the interaction
between the putative adaptor protein Moe and the
apicobasal polarity regulator Crumbs (Crb), and
impairs the maintenance of neuroepithelial apico-
basal polarity. While Crb interacts directly with Notch
and inhibits its activity, Moe reverses this inhibition.
In the moerw306 hindbrain, Notch activity is signifi-
cantly reduced, and the number of cells that prolif-
erate basally away from the apical area is increased.
Surprisingly, activation of Notch in the moerw306
mutant rescues not only the basally localized prolif-
eration but also the aberrant neuroepithelial apico-
basal polarity. We present evidence that the
Crb,Moe complex and Notch play key roles in a posi-
tive feedback loop to maintain the apicobasal
polarity and the apical-high basal-low gradient of
Notch activity in neuroepithelial cells, both of which
are essential for their apically restricted mitosis.
INTRODUCTION
During early neural development, neuroepithelial cells serve as
neural stem cells and proliferate to generate neurons and glias
(Kriegstein and Alvarez-Buylla, 2009). A hallmark of neuroepithe-
lial cells is that they undergo interkinetic nuclear migration, in
which they translocate their nuclei according to their cell cycles
along the apicobasal axis, and mitosis occurs only in the apicalarea (Das et al., 2003; Hinds and Ruffett, 1971; Sauer, 1935).
Daughter cells start to differentiate into neurons or intermediate
neural progenitors (INPs) that continue to proliferate basally
away from the apical area to generate two neurons. Considering
that neuroepithelial cells proliferate or initiate differentiation only
in the apical area, it is reasonable to hypothesize that the factors
that control apicobasal polarity also ensure apically restricted
mitosis. For example, genetic disruption of Cdc42 resulted in
increased numbers of cells undergoing basally localized mitosis
in the developing cerebral cortex of the mouse (Cappello et al.,
2006). Repression of key regulators of cell polarity, atypical
protein kinase C (aPKC) l and z also caused ectopic cell division
in the developing retina of zebrafish (Cui et al., 2007). Another
apical polarity regulator, Par3, inhibits the differentiation of
neuroepithelial cells by enhancing Notch signaling, which inhibits
differentiation of neuroepithelial cells in mouse cerebral cortex
(Bultje et al., 2009). Downregulation of Notch signaling facilitates
the differentiation of neuroepithelial cells into INP-like cells that
proliferate away from the apical area (Mizutani et al., 2007).
In addition, it has been proposed that interkinetic nuclear migra-
tion is involved in fate determination of neuroepithelial cells as to
whether they proliferate or differentiate by controlling the dura-
tion and level of exposure of their nuclei to the apical-high
basal-low gradient of Notch activity, as shown for the developing
retina of zebrafish (Del Bene et al., 2008). Although these reports
implicate a tight linkage between the apical polarity regulators
and Notch signaling, the molecular mechanisms by which apical
polarity factors regulate Notch signaling to ensure the apically
restricted cell division of neuroepithelial cells are not well
understood.
The Crumbs (Crb) complex is another key component for the
maintenance of apicobasal polarity of epithelial cells (Bulgakova
and Knust, 2009; Omori andMalicki, 2006) and is required for the
apical mitosis of neuroepithelial cells in the developing zebrafish
retina (Jensen et al., 2001; Zou et al., 2008). The Crb familyNeuron 69, 215–230, January 27, 2011 ª2011 Elsevier Inc. 215
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Notch in Neuroepithelial Polarity and Mitosisproteins are single-pass type I transmembrane proteins, and
their intracellular domains function to assemble other compo-
nents of the Crb complex. Aside from their functions with respect
to polarity maintenance, genetic studies in Drosophila have
shown that Crb inhibits Notch signaling (Herranz et al., 2006;
Richardson and Pichaud, 2010). Nevertheless, it remains to be
uncovered how Crb interacts with Notch for the regulation of
neurogenesis.
Notch receptors are large, single-pass, type I transmembrane
proteins that maintain neuroepithelial cells in the undifferentiated
state in a transcription-dependent manner (Louvi and Artavanis-
Tsakonas, 2006). The binding of Notch ligands, such as Delta,
triggers the proteolytic cleavage of Notch by multiple proteases,
including g-secretase, which results in the release of the Notch
intracellular domain (NICD). NICD is translocated to the nucleus
where it forms a transcriptional complex with Mastermind and
a member of the CBF1/RBP-J, Su(H), Lag1 (CSL) family; there-
after, it promotes the expression of genes that inhibit the differ-
entiation of neuroepithelial cells (Louvi and Artavanis-Tsakonas,
2006). In addition to this well-characterized canonical Notch
pathway, it has been recently reported that NICD activates
a small GTPase R-Ras that facilitates the cellular adhesion of
CHO cells in a transcription-independent manner (Hodkinson
et al., 2007). However, it is not known how this noncanonical
Notch pathway participates in vertebrate neural development.
In the present study, we demonstrate that Crb binds to the
extracellular domain of Notch and inhibits its activation, and
that a component of the Crb complex, Mosaic eyes [Erythrocyte
membrane protein band 4.1-like 5 (Epb41l5) according to
the Zebrafish Nomenclature Committee; known as Yurt in
Drosophila, and Lulu1 or YMO1 in mammals and hereafter
referred to as Moe] counteracts this inhibition. Furthermore, we
show that the Crb,Moe complex-Notch signaling also maintains
neuroepithelial apicobasal polarity via the R-Ras-dependent
noncanonical Notch pathway. Therefore, our results suggest
that the Crb,Moe complex-Notch signaling plays pivotal roles
both in the restriction of neuroepithelial mitosis in the apical
area and in the maintenance of apicobasal polarity of neuroepi-
thelial cells.
RESULTS
Isolation of a Zebrafish Mutant with Defective
Directionality of Migration of the Vagus Motor Neuron
Precursors during Embryogenesis
Tg(CM-isl1:GFP)rw0 (hereinafter referred to as isl1:GFP) trans-
genic zebrafish express the GFP in most of their cranial motor
neurons, including the vagus motor neurons (Higashijima et al.,
2000). Using N-ethyl-N-nitrosourea (ENU)-based mutant
screening, we isolated the rw306 mutant, in which the vagus
motor nuclei are fused across the midline, in contrast to the
wild-type (WT), in which the vagus motor nuclei are bilaterally
segregated (Figures 1Aa and 1Ab). Time-lapse imaging revealed
that the precursors migrate in the dorsolateral direction soon
after they were born in the WT embryos (Figure 1B and Movie
S1, available online). However, in the rw306 embryos, the
precursors migrated in uncoordinated directions, deviating
from the normal migratory pathways (Figure 1B and Movie S2).216 Neuron 69, 215–230, January 27, 2011 ª2011 Elsevier Inc.The overall patterning and differentiation of neurons other than
the vagus motor neurons in the posterior hindbrain were unaf-
fected by the rw306 mutation (Figures S1A–S1J).
The rw306 Locus Encodes Moe
By positional cloning based on 918 meioses, we identified
a T-to-G mutation in the 9th exon of the moe gene of the
rw306 embryos. This resulted in an amino acid substitution
from Leu221 to Arg (Figure 1Ca).Moe is a putative adaptor protein
that contains a FERM domain and a putative PSD-95, DLG1 and
ZO-1 (PDZ)-binding domain (PB), both of which are required for
protein-protein interactions (Figure 1Cb) (Bulgakova and Knust,
2009). Leu221 was identified in the FERM domain and was
conserved across various species, from humans to flies (Figures
1Cb and 1Cc). Hereafter, the rw306mutant allele will be referred
to asmoerw306, since the repression ofmoe induced by the injec-
tion of antisense morpholino oligonucleotide (MO) phenocopied
the rw306 defect with respect to the formation of the vagus
motor nuclei (Figure 1Cd), and injection of the WT moe mRNA,
but not the rw306-type (L221R-type) moe mRNA, rescued the
rw306 defect (Figures 1Ce and 1Cf). High-level expression of
moe mRNA was observed in the ventricular zone of the caudal
hindbrain (Figure 1Cg). The expression level of Moe protein in
the moerw306 mutant was comparable to that in the WT (Fig-
ure 1Ch). These results raised the possibility that the L221R
mutation in the FERM domain of Moe affects protein-protein
interactions with its specific binding factors rather than the
stability of Moe in neuroepithelial cells.
Neuroepithelial Cells Require the Crb,Moe Complex to
Guide Migration of the Vagus Motor Neuron Precursors
Moe forms a complex with the transmembrane protein Crb
through its FERM domain, and controls its localization in the
developing zebrafish retina and brain (Hsu et al., 2006). Since
the moerw306 mutant had a missense mutation in the FERM
domain, we investigated the interaction between Moe and Crb.
Plasmids that encode FLAG-tagged Moe and HA-tagged Crb
family proteins were transfected into 293T cells. The WT Moe
coimmunoprecipitated with the Crb family proteins (Crb1,
Crb2, and Crb2l), which are expressed in the zebrafish hindbrain
(Hsu et al., 2006; Omori and Malicki, 2006), whereas the L221R-
type Moe did not exhibit this pattern of coimmunoprecipitation
(Figure 2Aa). Both the WT Moe and L221R-type Moe interacted
with another molecule, Mind bomb (Figure 2Ab) (A.B. Chitnis,
personal communication). These results indicate that the
L221R mutation specifically affects formation of the Crb,Moe
complex. Colocalization of enhanced yellow fluorescent protein
(EYFP)-tagged L221R-typeMoe and HA-tagged Crb2 was rarely
observed in the WT neuroectodermal cells at 12 hr postfertiliza-
tion (hpf) (Figures 2Ac and 2Ad). Anti-human Crb3 antibody
recognizes all zebrafish Crb family proteins (Hsu et al., 2006).
Whereas the localization of the Crb family proteins and Moe
detected by the antibodies against these proteins were accumu-
lated at the apical surface in the WT, these accumulations were
not observed in the moerw306 mutant (Figures 2Ae–2Ah).
To investigate whether the Crb,Moe complex is required for
the correct formation of the vagus motor nuclei, we repressed
the expression of another component of the Crb,Moe complex,
Figure 1. The moerw306 Mutation Affects the Directionality of the Migration of the Vagus Motor Neuron Precursors
(A) Fluorescence images of the hindbrains of isl1:GFP transgenic zebrafish at 50 hpf. (a) WT and (b) rw306mutant. Dorsal view (rostral toward the top) is shown.
The following abbreviations are used: Va, anterior trigeminal motor nuclei; Vp, posterior trigeminal motor nuclei; VII, facial motor nuclei; X, vagus motor nuclei.
(B) Migration patterns of the vagus motor neuron precursors in the WT (upper) and rw306 mutant (lower) from 29 hpf to 34 hpf. The dotted lines indicate the
outlines of the neural tubes and the midlines. The colored arrows in the trajectory panel indicate the trajectories of six arbitrarily chosen vagus motor neuron
precursors. dlX is an abbreviation for dorsolateral motor nucleus of the vagus.
(C) (a) Sequences of themutation sites in theWT allele and the rw306 allele. (b) Primary structure of Moe. The arrow indicates the position of the L221Rmutation in
Moe. The following abbreviations are used: N, N terminus; C, C terminus; PB, PDZ-binding domain. (c) Alignment of the Moe amino acid sequences from various
species. The amino acids are colored according to type: blue, polar positive (K); green, polar neutral (T, N); white, nonpolar aliphatic (A, L, I); purple, nonpolar
aromatic (Y,W); brown, other (E). (d and e) Dorsal views of theWT embryo injected withmoeMO (d; 2.0mg/ml) at 54 hpf and themoerw306mutant embryo injected
withWTmoemRNA (e; 100 mg/ml) at 50 hpf (rostral to the top). (f) Percentages of embryos with partially fused vagusmotor nuclei (gray bars) and completely fused
vagus motor nuclei (black bars) at 48 hpf. The embryos obtained frommoerw306 heterozygous mutant fish pairs underwent no injection (), injection with the WT
moemRNA (WT; 100 mg/ml), or injection with the L221R-typemoemRNA (mut; 100 mg/ml). (g) Expression pattern ofmoemRNA in the hindbrain at 30 hpf (cross-
sectional view, dorsal to the top). (h) Western blotting for detection of the Moe protein in the WT andmoerw306mutant embryos; immunoreactivity for a-tubulin is
shown as a loading control. IB is an abbreviation for immunoblot.
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Notch in Neuroepithelial Polarity and MitosisNagie oko (membrane protein, palmitoylated 5a according to the
Zebrafish Nomenclature Committee; known as Pals1 in
mammals and hereafter referred to as Nok), which is required
for the establishment andmaintenance of neuroepithelial polarity
in the developing retina and brain of zebrafish (Wei and Malicki,
2002). The nok morphants also showed fusion of the bilateral
vagus motor nuclei (36/40, 90%; Figures 2Ai and 2Aj). Recent
genetic studies inDrosophila have demonstrated that a fly ortho-
log of Moe, Yurt, negatively regulates Crb (Laprise et al., 2006;
Laprise et al., 2009; Laprise et al., 2010). Overexpression of
Crb2 partially impaired the formation of the bilaterally segre-
gated vagus motor nuclei (5/30, 17%; Figure 2Ak, arrow). These
results suggest that the Crb,Moe complex is required for the
correct formation of the vagus motor nuclei.To determine which cells require the moe activity for the
correct formation of the vagus motor nuclei, we performed
a mosaic analysis by transplanting rhodamine-dextran-labeled
WT cells at the blastoderm stage into the moe morphant host
embryos at the shield stage. TheWT vagusmotor neuron precur-
sors in the hindbrains of the moe morphant embryos were
positioned ectopically, close to the midline, as observed for
the moerw306 mutants (Figures 2Ba and 2Ba0; n = 6). This result
suggests that expression of Moe in the vagus motor neuron
precursors is not sufficient to ensure that they migrate in the
appropriate directions. Neuroepithelial cells are likely to be regu-
lators of vagus motor neuron precursor migration, as they
support the tangential migrations of the facial and vagus motor
neuron precursors (Ohata et al., 2009a; Wada et al., 2006).Neuron 69, 215–230, January 27, 2011 ª2011 Elsevier Inc. 217
Figure 2. Moe and the Crb Family Proteins Forms a Complex that Is Localized to the Apical Surface of Neuroepithelial Cells
(A) (a) Coimmunoprecipitation of Moe-FLAG with Crb1-HA, Crb2-HA, and Crb2l-HA. 293T cells were transfected with a plasmid that encodes HA-tagged Crb1,
Crb2, or Crb2l, together with the mock plasmid (), or the plasmids that encode FLAG-tagged WT Moe (WT) and L221R-type Moe (mut.). (b) Coimmunopreci-
pitation of Moe-FLAG and Mib-HA. The following abbreviations are used: IP, immunoprecipitation; IB, immunoblot. (c and d) Localization of Crb2-HA (c and d;
red), WTMoe-EYFP (c;WT; green), and L221R-typeMoe-EYFP (d; mut.; green) inWT neuroectodermal cells at 12 hpf. Arrows indicate the colocalization of Crb2-
HA andMoe-EYFP. ThemRNAs for these proteins were injected at 60 mg/ml. (e–h) Localization of the Crb family proteins (e and f; red) andMoe (g and h; red) in the
WT (e and g) andmoerw306mutant (f and h) embryos at 30 hpf. The vagusmotor neurons appear in green (cross-sectional view, dorsal to the top). (i–k) Dorsal view
of the embryos injected with the 5-mis-pair control MO (i; 2.5 mg/ml), nokMO (j; 2.5 mg/ml), and crb2mRNA (k; 500 mg/ml) at 50 hpf. The arrow in (k) indicates the
aberrant positioning of the vagus motor neurons.
(B) (a and a0) The WT vagus motor neuron progenitors (yellow) were transplanted into themoe morphant hindbrain. The images taken at 50 hpf show the dorsal
view (a, rostral to the top) and cross-sectional view (a0; dorsal to the top) at the level of the line shown in (a). (b, b0, and b00) WT cells (red) were transplanted into the
dorsomedial region of themoemorphant hindbrain. In this case, at 30 hpf, the morphant vagus motor neuron progenitors have migrated to the correct locations
(enclosed by dotted-line), while those neurons that are not surrounded by theWT cells are positionedmedially (arrows in b and b0). The images in b0 and b00 are the
cross-sectional views (dorsal to the top) of the dorsal views of b (rostral to the top) at the level of line 1 and 2, respectively. Note that some of themorphant-derived
vagusmotor neurons appear in yellow owing to the fact that (b) shows stacked images. However, they actually appear in green in the cross-section (arrowheads in
b and b00). RDX is an abbreviation of rhodamine-dextran.
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Notch in Neuroepithelial Polarity and MitosisIn fact, when the WT neuroepithelial cells were placed in the
dorsomedial region of the hindbrain of the moe morphant, the
morphant vagus motor precursors were found to migrate to their
normal positions (Figures 2Bb, 2Bb0, and 2Bb00; n = 4, dotted-
lines). In contrast, the morphant vagus motor neuron precursors
entered the dorsomedial region when not surrounded by WT
cells (Figures 2Bb and 2Bb0, arrow). These results suggest that218 Neuron 69, 215–230, January 27, 2011 ª2011 Elsevier Inc.neuroepithelial cells require moe to guide the migration of the
vagus motor neuron precursors.
The Crb,Moe Complex Is Required for Maintenance
of the Neuroepithelial Apicobasal Polarity
TheCrb,Moecomplex is a key regulator of epithelial polarity (Hsu
et al., 2006; Laprise et al., 2006), and disruption of neuroepithelial
Neuron
Notch in Neuroepithelial Polarity and Mitosispolarity results in the disruption of intercellular junctions and the
detachment of neuroepithelial processes from apical surfaces
(Cappello et al., 2006; Imai et al., 2006). We examined the
expression levels of severalmarkers to determinewhether apico-
basal polarity (aPKC), integrity of intercellular junctions [F-actin
and zonula occludens-1 (ZO-1)], and apical processes [glial fibril-
lary acidic protein (GFAP)] are disrupted in themoerw306 neuroe-
pithelial cells. In both the WT andmoerw306 neuroepithelial cells,
aPKC and F-actin accumulated at the apical surface at 18 hpf
(Figures 3Aa–3Ad). However, in the 30 hpf moerw306 mutants,
aPKC, F-actin, and ZO-1 were scattered around the ventricular
zone, while these proteins were still concentrated in the WT at
this time point (Figures 3Ae–3Aj). In addition, the centrosomes,
which were localized near the apical ends of the cells in the WT,
were located away from the ventricular zone in the moerw306
mutant (Figures 3Ak and 3Al). At later stages, neuroepithelial
processes were visualized by anti-GFAP staining to extend to
both the apical and basal surfaces (34 hpf; Figure 3Am). In the
moerw306 mutant, the apical neuroepithelial processes did not
reach the apical surface, although the basal processes seemed
to be less affected (Figure 3An). Visualization of basally ex-
pressed fibronectin, laminin, and HNK-1 antigens provided
additional evidence that the moerw306 mutation did not affect
the basal architecture of the hindbrain (Figures 3Ao–3At). These
results indicate that Moe functions in the maintenance of neuro-
epithelial apicobasal polarity, rather than in the polarization of
neuroepithelial cells.
Repression of nok and overexpression of crb2 also disrupted
neuroepithelial polarity and intercellular junctions (Figures 3Ba–
3Bf), suggesting that the Crb,Moe complex maintains neuroepi-
thelial apicobasal polarity. Next, we knocked down aPKCl to
assess its importance in terms of ensuring proper neuroepithelial
polarity and guidance of migration of the vagus motor neuron
precursors. In the aPKCl morphants, both neuroepithelial
polarity and the intercellular junctions were disrupted (Figures
3Bg and 3Bh). In addition, the vagus motor nuclei were fused
across the midline (25/32, 78%; Figures 3Bi and 3Bj), as
observed for the moerw306 mutant. These results suggest that
appropriate neuroepithelial apicobasal polarity is essential for
guidance of the migration of the vagus motor neuron precursors.Notch Activity Is Reduced and Ectopic Mitosis Is
Increased in the moerw306 Mutant
Next, we investigated the impact of themoerw306mutation on the
activity of Notch, which inhibits the differentiation of neuroepi-
thelial cells by promoting the expression of antineurogenic
genes, such as her4 (Takke et al., 1999), since Drosophila Crb
has been reported to regulate the Notch signal in a negative
manner (Herranz et al., 2006; Richardson and Pichaud, 2010).
The expression level of her4 mRNA was significantly reduced
in the moerw306 mutant (Figures 4Aa–4Ae). Consistent with the
previous report that Crb inhibits Notch signaling in Drosophila
(Herranz et al., 2006; Richardson and Pichaud, 2010), we
observed that injection of crb2 MO at the dosage used in the
present study enhanced the her4 mRNA expression at 24 hpf
(Figures 4Af–4Ah). These results suggest that the Crb,Moe
complex is critically involved in the regulation of Notch signaling.Since the activity of Notch signaling was significantly reduced
in the moerw306 mutant, we expected that the number of mitotic
cells in themoerw306 hindbrain would also be reduced because of
accelerated differentiation of neuroepithelial cells into postmi-
totic neurons. However, in the moerw306 mutant, the number of
dividing cells positioned away from the apical surface per
sectioned hindbrain was significantly increased (Figures 4Ba
and 4Bc), while the total numbers of mitotic cells per sectioned
hindbrain was similar between the WT and moerw306 mutant
(Figure 4Bd). Overexpression of Crb2 also increased the number
of ectopically mitotic cells (Figures S2Aa–S2Ac). This result is
consistent with the previous reports that Moe inhibits Crb
(Laprise et al., 2006; Laprise et al., 2009; Laprise et al., 2010).
In considering this discrepancy between the reduced Notch
activity and the increased number of ectopically proliferating
cells, we suspected that the neuroepithelial cells were converted
to another type of neural progenitor. Recently, it has been
reported that an insufficient level of the Notch signal facilitates
the differentiation of neuroepithelial cells, which undergo mitosis
only in the apical area, to INPs, which proliferate in a more basal
area of the mammalian cortex (Mizutani et al., 2007). To investi-
gate whether the reduced Notch activity seen in the moerw306
mutant had a similar effect, we examined the expression of the
Tbr2 transcription factor, a marker of INPs in the mouse cortex
(Mizutani et al., 2007). The embryonic spinal cord of the Tg
(vsx1:GFP) transgenic zebrafish expresses GFP in the cells that
generate two mature neurons by cell divisions away from apical
area, indicating that these cells are functionally equivalent to the
mammalian INPs (Kimura et al., 2008). Immunoreactivity of Tbr2
in GFP-positive mitotic cells in the Tg(vsx1:GFP) transgenic
zebrafish suggests that Tbr2-immunoreactivity can also be
used as a maker for INPs in zebrafish (Figures S2Ba–S2Bd). In
themoerw306 hindbrain, basally localized mitotic cells expressed
Tbr2 (Figures 4Ca–4Cf), and the number of Tbr2-immunoreac-
tive mitotic cells was significantly increased in the moerw306
mutant hindbrain (Figure 4Cg). In the WT, four of nine basally
located pH3-positive cells were Tbr2-positive (16 sections, four
embryos). In the moerw306 mutant, 21 of 24 basally located
pH3-positive cells were Tbr2-positive (17 sections, four
embryos). Therefore, INP-like cells also exist in theWT hindbrain,
but the number of INP-like cells in the WT hindbrain is much
smaller than that in the moerw306 mutant. In addition, the fact
that majority (21/24, 89%) of ectopically mitotic cells in the
moerw306 mutant express Tbr2 suggests that the appearance
of ectopic pH3-positive cells is not due to a simple misposition-
ing of neuroepithelial cells that lose their apical processes but
due to abnormal differentiation of neuroepithelial cells into
INP-like cells. The expression of Tbr2 in the basally localized
mitotic cells in the moerw306 embryos was further confirmed
with another independently raised anti-zebrafish Tbr2a antibody
(Figures S2Ca–S2Cf).
To further investigate the role of Notch signaling in the control
of the areas of neuroepithelial mitosis in hindbrain, we injected
NICD and its variant mRNAs into the moerw306 embryos. In the
present study, we used NICD full length (FL, Figure 4Da), NICD
DANK (Figure 4Db), which lacks the ankyrin repeats (Hodkinson
et al., 2007), and NICD DCT (Figure 4Dc), which lacks the C
terminus of NICD, including the transactivation domainNeuron 69, 215–230, January 27, 2011 ª2011 Elsevier Inc. 219
Figure 3. The moerw306 Mutation Affects Neuroepithelial Polarity
(A) Visualization of aPKC (a and b; 18 hpf; e and f; 30 hpf; red), F-actin (c and d; 18 hpf; g and h; 30 hpf; red), ZO-1 (i and j; 30 hpf, red), g-tubulin (g-Tub; k and l;
30 hpf, red), GFAP (m and n; 34 hpf, red), fibronectin (FN; o and p; 30 hpf, red), laminin (q and r; 30 hpf, red), and HNK-1 antigen (s and t; 30 hpf, red) in theWT (a, c,
e, g, i, k, m, o, q, and s) andmoerw306mutant (b, d, f, h, j, l, n, p, r, and t) embryos. The vagusmotor neurons are apparent in green (e–l, o–t). Cross-sectional views,
dorsal to the top.
(B) Visualization of aPKC (a, c, e, and g; 30 hpf, red) and F-actin (b, d, f, and h; 30 hpf, red) in embryos injected with 5-mis-pair control MO (a and b; 2.5 mg/ml), nok
MO (c and d; 2.5 mg/ml), crb2mRNA (e and f; 500 mg/ml), and aPKClMO (g and h; 1.0 mg/ml). The vagus motor neurons are apparent in green. Cross-sectional
views, dorsal to the top. (i and j) Dorsal views of isl1:GFP embryos injected with the standard control MO (i; 1.0 mg/ml) and aPKCl MO (j; 1.0 mg/ml) at 50 hpf
(rostral to the top).
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Notch in Neuroepithelial Polarity and Mitosis(Hodkinson et al., 2007; Kurooka et al., 1998). At the dosage
used in the present study, only NICD FL enhanced the expres-
sion of her4 in theWT hindbrain (Figures 4Dd–4Dg). The injection
ofNICD FLmRNA did not alter the total number of mitotic cells in
the WT hindbrain at 30 hpf; for noninjected WT embryos, the
mean number of cells was 24 ± 4.2 per 20 mm thick section;
and for NICD FL mRNA-injected WT embryos, it was 22 ± 1.2;
p = 0.71. The injection of NICD FL mRNA also did not alter the
number of ectopicallymitotic cells in theWTembryo (Figure 4Dk).
NICD FL suppressed the increase in the number of ectopic
mitosis in the moerw306 hindbrain, whereas neither NICD DANK
nor DCT had this effect (Figures 4Dh–4Dk). NICD FL also sup-
pressed the increase in the number of ectopic mitosis in the
moe morphant in which the expressions of her4 mRNA and
mature zygotic moe mRNA were significantly reduced (Figures
S2Da–S2De). These results suggest that Moe restricts the
mitosis of neuroepithelial cells at the apical surface by positively
regulating the transcription-dependent Notch pathway and then
inhibiting the differentiation of neuroepithelial cells into Tbr2-
positive proliferative cells.
The Crb Family Proteins Bind to the Extracellular
Domain of Notch and Inhibit Its Activation
Although negative regulation of Notch by Crb has been geneti-
cally shown in Drosophila (Herranz et al., 2006; Richardson and
Pichaud, 2010), the molecular mechanism remains unclear. We
noticed that Crb1, Crb2, and Crb2l contain multiple EGF-like
repeats in their extracellular domains, which are also present in
Notch ligands (Eiraku et al., 2005). Therefore, we wondered
whether Crb might bind to Notch and interfere with its activation.
We initially checked for interactions between the Notch and Crb
family proteins. We transfected 293T cells with plasmids that
encode EYFP-tagged Notch1a and HA-tagged Crb family
proteins. Coimmunoprecipitation with anti-HA antibody showed
that Notch associated with the Crb family proteins (Figure 5A).
We confirmed that EYFP alone does not bind to HA-tagged
Crb family proteins (Figure S3). We further verified the binding
of the Crb extracellular domains to Notch1a using a cell-surface
binding assay. We constructed the plasmids encoding the extra-
cellular domains of the Crb family proteins fused to the Fc portion
of human IgG to generate soluble forms (Crb-Fc) and prepared
conditioned media from cultures of 293T cells that were trans-
fected with these vectors. We then added the conditionedmedia
that contained the Crb-Fc fusion proteins to nonpermeabilized
293T cells that were transfected with a Notch1a construct in
which the intracellular ankyrin repeats and the transactivation
domain were replaced with EYFP (hereafter referred to as
EcRAM-EYFP since it consists of the extracellular domain and
the intracellular RBP-J association module) (Eiraku et al., 2005)
(Figure 5Ba). Crb-Fc specifically bound to the surfaces of the
EcRAM-EYFP-expressing cells but not to the surfaces of
EcRAM-EYFP-nonexpressing cells (dotted lines in Figures
5Bb–5Bp). Vitamin D binding protein (VDBP) fused with the Fc
portion of human IgG did not bind to either EcRAM-EYFP-ex-
pressing or EcRAM-EYFP-nonexpressing cells (Figures 5Bf,
5Bk, and 5Bp). These results indicate that the extracellular
domains of the Crb family proteins specifically and directly
interact with the Notch1a extracellular domain.Next, we examined the effects of the Crb family proteins on
Notch activity using luciferase reporter assays and the C2C12
myoblast cell line (Shawber et al., 1996). We transfected
C2C12 cells with the Notch-responsive reporter construct
(pGa981-6) (Kurooka et al., 1998). When the C2C12 cells were
cocultured with mock-transfected 293T cells, the promoter
activity was increased approximately 6.5-fold compared with
that of monocultured C2C12 cells, presumably because of the
presence of endogenous Notch ligands in the 293T cells (Fig-
ure 5C, columns 1 and 2). This activation was further enhanced
more than 12-fold by the overexpression of murine Delta-like 1
(Dll1, formerly known as Delta1) in the 293T cells (Figure 5C,
column 3). However, the incubation of Crb-Fc with the C2C12
cells prior to coculturing with Dll1-overexpressing 293T cells
reduced Notch activity to the basal level (Figure 5C, columns
4–6). In addition, overexpression of Crb family proteins in
C2C12 cells reduced the Notch activity (Figure 5C, columns
7–9). In contrast, the Crb family proteins did not affect the activa-
tion of Notch when coexpressed with Dll1 in 293T cells (p = 0.34)
(Figures 5Da and 5Db), which suggests that the Crb inhibition of
Notch signaling in the present study occurs mainly in cis.
We further examined the effect of Moe on the inhibition of
Notch activity by Crb using CaCo-2 cells, which are human
epithelial colorectal adenocarcinoma cells with apicobasal
polarity. In CaCo-2 cells, Notch was also activated by cocultur-
ing with Dll1-expressing 293T cells, and this activation was
inhibited by the expression of Crb2 in the CaCo-2 cells (Figures
5Ea and 5Eb). Remarkably, coexpression of the WT Moe in
CaCo-2 cells counteracted the inhibition of Notch activation
caused by Crb2-HA, while the L221R-type Moe did not show
this effect. These results provide a mechanistic explanation for
the previous genetic studies in Drosophila showing that Moe
negatively regulates Crb activity (Laprise et al., 2006; Laprise
et al., 2009; Laprise et al., 2010).
Notch Maintains Neuroepithelial Polarity under Positive
Regulation by Moe
To examine whether the reduction in Notch activity seen in the
moerw306 mutant has anything to do with disturbance of neuroe-
pithelial polarity and intercellular junctions, we treated the WT
embryos with N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-phenyl-
glycine t-butyl ester (DAPT), which is a specific inhibitor of g-sec-
retase (Geling et al., 2002). DAPT treatment induced the disrup-
tion of neuroepithelial polarity and intercellular junctions, as well
as fusion of the bilateral vagus motor nuclei, mimicking the
events observed in the moerw306 mutant, whereas treatment
with dimethyl sulfoxide (DMSO, the solvent used for DAPT) did
not have this effect (Figures 6Aa–6Ag). To quantify the effect of
DAPT treatment, we observed the vagus motor nuclei at 48
hpf, and classified the embryos according to their severity in
the formation of the bilateral vagus motor nuclei into three
classes: normal, the nuclei were completely segregated
(Figure 6Ae); mild, the nuclei were partially fused across the
midline in the dorsal view (Figure 6Ag); severe, the nuclei were
fused across the midline throughout their entire stretches along
the anteroposterior axis (Figure 6Af). This quantification revealed
that DAPT treatment induces the fusion of the bilateral
vagus motor nuclei in a dose-dependent manner (Figure 6Ah).Neuron 69, 215–230, January 27, 2011 ª2011 Elsevier Inc. 221
Figure 4. Decreased Notch Activity in the moerw306 Mutant Affects the Position of Mitosis
(A) In situ hybridization analysis of her4 in theWT (a and c),moerw306mutant (b and d), control morphant (f; 50 mg/ml), and crb2morphant (g; 50 mg/ml) embryos at
24 hpf (a, b, f, and g) and 34 hpf (c and d) (dorsal views; a–d, rostral to the top; f and g, rostal to the left), and RT-PCR analysis of the cDNAs synthesized from the
total RNA samples from the whole bodies of WT,moerw306 (mut.), control morphant (cont.), and crb2morphant (crb2MO) embryos at 24 hpf and 34 hpf (e and h).
(B) Mitotic cells visualized by staining with anti-phospho-histone H3 (pH3; red) of the WT (a) and moerw306 mutant (b) embryos at 30 hpf. Cross-sectional
views, dorsal to the top. Arrows indicate mitotic cells that are proliferating away from the ventricular zone. The dotted lines indicate the outlines of the neural
tubes and the midlines. (c and d) The number of ectopically dividing cells (c) and the total number of mitotic cells (d) were assessed in 20 mm thick sections.
White bars indicate WT; gray bars indicate moerw306 mutant (c and d). Data shown are mean ± SEM; *p < 0.05; **p < 0.01; N.S. is an abbreviation for not
significant.
(C) Immunohistochemical detection of Tbr2 (a and b; green) and pH3 (c and d; red) in the WT (a and c) and moerw306 mutant (b and d) embryos at 30 hpf.
Merged images of the signals associated with Tbr2 and pH3 are shown in (e and f). Cross-sectional views, dorsal to the top. Arrows in (d) indicate mitotic cells
that are proliferating away from the ventricular zone. (g) The numbers of Tbr2, pH3-double-immunoreactive cells (Tbr2+, pH3+) at 30 hpf were assessed in
10 mm thick sections. Data shown are mean ± SEM; **p < 0.01.
(D) (a–c) Structures of NICD FL (a), NICD DANK (b), and NICD DCT (c). The following abbreviations are used: RAM, RBP-J association module; ANK, ankyrin
repeats; TAD, transactivation domain. (d–g) The levels of her4 mRNA were assessed by in situ hybridization of the WT embryos injected with or without the
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gistically enhanced their effects on the induction of fusion of
bilateral vagus motor nuclei (Figure 6Ai), suggesting a positive
interaction between Notch and Moe. These results raise the
possibility that loss of Notch activity is the major cause of the
neuroepithelial polarity defect in the moerw306 mutant.
To examine this possibility, we injected the mRNA species for
NICD and its variants into themoerw306mutant embryos, so as to
activate Notch signaling. Interestingly, all the moerw306 defects,
which include formation of the vagus motor nuclei, neuroepithe-
lial apicobasal polarity, and intercellular junctions, were sup-
pressed by the injection of NICD FL mRNA (Figures 6Ba–6Bc
and 6Bm). NICD FL mRNA injection also suppressed aberrant
neuroepithelial apicobasal polarity and intercellular junctions in
the moe morphant embryos (Figures S4A–S4F). In contrast,
NICD DANKmRNA did not rescue themoerw306 defects (Figures
6Bd–6Bf and 6Bm). Unexpectedly, the NICD DCT mRNA signif-
icantly suppressed the moerw306 defects (Figures 6Bg–6Bi and
6Bm). Furthermore, inhibition of transcription-dependent Notch
pathway by repression of CSL did not affect the formation of
the vagus motor nuclei, or the maintenance of neuroepithelial
polarity and intercellular junctions (Figures 6Bj–6Bl), while this
caused the reduction in her4mRNA expression and the increase
in the number of basally localized mitosis to the similar extent as
observed in the moerw306 mutant embryos (Figures 6Bn–6Br).
These results suggest that Notch signaling maintains neuroepi-
thelial polarity in a transcription-independent manner, down-
stream of Moe.R-Ras Maintains Neuroepithelial Polarity Downstream
of Moe and Notch
R-Ras has been reported to function in the induction and main-
tenance of polarity in dissociated hippocampal neuron cultures
(Oinuma et al., 2007) and is activated by NICD in a transcrip-
tion-independent manner (Hodkinson et al., 2007). Zebrafish
r-ras mRNA was expressed in the neural tube and the somites
(Figure 7A), suggesting roles for R-Ras in neural development.
MO-mediated knockdown of the r-ras gene resulted in the aber-
rant formation of the vagus motor nuclei (25/31, 81% at
5.0 mg/ml r-ras MO; 7/34, 21% at 3.5 mg/ml r-ras MO), and
the disorganization of neuroepithelial apicobasal polarity and
intercellular junctions, while the control MO had no effect
(Figures 7Ba–7Bf; all the images shown are of embryos that
were injectedwith the control and r-rasMOs at 3.5mg/ml). Treat-
ment with subthreshold doses of r-ras MO and moe MO syner-
gistically enhanced their effects on the induction of fusion of
the bilateral vagus motor nuclei (Figure S5A), revealing a positive
genetic interaction between moe and r-ras. In addition, the r-ras
MO inhibited the recovery of the moerw306 defects mediated by
the activation of Notch signaling (Figures 7Bg–7Bi), which
suggests that r-ras functions downstream of notch. Overexpres-
sion of a constitutively active R-Ras protein, R-Ras(G15V) (Fig-
ure S5B) in the moerw306 mutant embryos partially suppressedindicated mRNAs (e and f; 60 mg/ml and g; 20 mg/ml). (h–k) The moerw306 mutants
NICD DCT (j; 20 mg/ml) mRNA species and the numbers of ectopic mitotic cell
cells; dotted lines indicate neural tubes and midlines. Data shown are mean ±these defects [Figures 7Bj–7Bl; as for the defect in the formation
of the vagus motor nuclei, 6 of 16 moerw306 mutant embryos
(38%) were partially rescued]. On the other hand, injection of
neither r-ras MO nor r-ras(G15V) mRNA affected the number of
ectopically mitotic cells in the WT and moerw306 embryos
(Figures 7Ca–7Cc). These results indicate that R-Ras functions
downstream of Moe and Notch to maintain neuroepithelial api-
cobasal polarity.
Phosphorylation Levels of Akt and GSK-3b Are Reduced
in themoerw306 Mutant
R-Ras has been reported to inhibit glycogen synthase kinase-3b
(GSK-3b) activity by activating phosphoinositide 3-kinase (PI3K)
and Akt in the hippocampal neurons (Oinuma et al., 2007). In
addition, GSK-3b has been reported to be involved in the polar-
ization of the cultured hippocampal neurons by targeting the Par
complex (consisting of Par3, Par6, and aPKC) to the tips of the
axons (Shi et al., 2004). To examine whether the Crb,Moe
complex influences the Akt-GSK-3b pathway, we investigated
the activities of Akt andGSK-3b in themoerw306mutant. The level
of phosphorylated active Akt was reduced in themoerw306 hind-
brain (Figures 8Ac and 8Ad), although the expression level of
total Akt in the moerw306 mutant was comparable to that in the
WT (Figures 8Aa and 8Ab). The level of phosphorylated inactive
GSK-3b was significantly decreased in the moerw306 mutant,
although the total amount of GSK-3b was comparable to that
in the WT (Figures 8Ba and 8Bb). Taken together with the previ-
ously reported findings (Oinuma et al., 2007; Shi et al., 2004),
these results raise the possibility that Crb,Moe complex-
Notch-R-Ras signaling acts upstream of Akt-GSK-3b signaling
for the correct localization of the Par complex.
DISCUSSION
Noncanonical Notch Signaling Maintains the Apicobasal
Polarity of Neuroepithelial Cells
The present study reveals a critical role for Notch in the mainte-
nance of neuroepithelial apicobasal polarity. Recently, several
groups have reported on the so-called noncanonical functions
of Notch, which do not rely on the conventional function of Notch
as a transcriptional regulator. For example, Notch activates
R-Ras and promotes the adhesion of cultured cells (Hodkinson
et al., 2007). Notch may also participate in ensuring the survival
of cultured cells by activating the mammalian target of rapamy-
cin (mTOR)-Akt pathway (Perumalsamy et al., 2009). In addition,
Notch can inhibit the transactivational activity of the E47 tran-
scription factor by repressing H-Ras in cultured cells (Ordentlich
et al., 1998). However, the functions of these noncanonical path-
ways in vivo remain unknown. The present study represents
a demonstration of the noncanonical function of Notch in the
vertebrate brain. The noncanonical Notch pathway in Drosophila
has been postulated to function in: (1) dorsal closure by repres-
sing c-Jun N-terminal kinase (Zecchini et al., 1999); (2) patterning(mut.) were injected with NICD FL (h; 60 mg/ml), NICD DANK (i; 60 mg/ml) and
s in 20 mm thick sections were quantified (k). Arrows indicate ectopic mitotic
SEM; *p < 0.05; **p < 0.01; N.S. is an abbreviation for not significant.
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Figure 5. Crb Interacts with the Extracellular Domain of Notch and Inhibits Notch Activity
(A) Coimmunoprecipitation of Notch1a-EYFP with Crb1-HA, Crb2-HA, and Crb2l-HA.
(B) (a) Schematic of the cell-surface binding assay. 293T cells that overexpressed EcRAM-EYFP (b–f) were incubated with conditioned media prepared from
cultures of 293T cells that were transfected with the mock plasmid (g) or with plasmids that encode the Crb1-Fc (h), Crb2-Fc (i), Crb2l-Fc (j), and VDBP-Fc (k)
proteins. Merged images of the signals from EcRAM-EYFP (green) and Crb-Fc (red) are shown in (l–p). The dotted lines in (b–p) indicate EcRAM-EYFP-nonex-
pressing cells.
(C) Notch-luciferase reporter assay (left) and schematic of this assay (right). C2C12 cells that were transfected with the Notch-luciferase reporter construct were
cultured alone (column 1) or coculturedwith 293T cells that were transfected with amock vector (column 2,mo is an abbreviation for mock) or the Dll1-expressing
vector (column 3, D). C2C12 cells transfected with the Notch-luciferase reporter construct were incubated with the conditionedmedia that contained the Crb1-Fc
(column 4, C1), Crb2-Fc (column 5, C2), and Crb2l-Fc (column 6, C2l) proteins, before coculturing with the Dll1-expressing 293T cells. C2C12 cells were trans-
fected with the Notch-luciferase reporter construct together with the mock (column 3, mo), Crb1-HA (column 7, C1), Crb2-HA (column 8, C2), and Crb2l-HA
(column 9, C2l) vectors. The data shown are mean ± SEM; ****p < 0.001.
(D) (a) Schematic of the luciferase reporter assay depicted in (b). C2C12 cells transfected with Notch-luciferase reporter construct were cocultured with 293T cells
that were transfectedwith the Dll1-expressing vector together with themock, Crb1-HA (Crb1), Crb2-HA (Crb2), and Crb2l-HA (Crb2l) vectors. The data shown are
mean ± SEM.
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Gall et al., 2008); and (3) fate determination of the sensory organ
precursors by repressing the translation of the Tramtrack69 tran-
scriptional repressor (Okabe et al., 2001). Furthermore, our
current findings strongly implicate Notch signaling in the mainte-
nance of the undifferentiated state and apicobasal polarity of
neuroepithelial cells via the canonical and noncanonical Notch
pathways, respectively.
Putative Positive Feedback Loops Maintain
Neuroepithelial Polarity
In the present study, we demonstrate that the Crb,Moe
complex-Notch-R-Ras-signaling pathway maintains neuroepi-
thelial polarity. The question then arises as to what factors act
upstream and downstream of the Crb,Moe complex-Notch-R-
Ras-signaling pathway. One possibility is that this signaling is
a part of a feedback loop that maintains neuroepithelial polarity.
R-Ras has been shown to activate PI3K-Akt signaling, which
inactivates GSK-3b to polarize cultured hippocampal neurons
(Oinuma et al., 2007). In addition, this inactivation of GSK-3b
by PI3K-Akt signaling promotes the accumulation of the Par
complex at the tip of axon by the cargo receptor APC
(Shi et al., 2004). Furthermore, it has been suggested that Moe
may be a phosphorylation substrate for aPKC (Hsu et al., 2006;
Laprise et al., 2006). Given that the phosphorylation levels of
Akt and GSK-3b were reduced, and that aPKC, which is
a component of the Par complex, was aberrantly localized in
the moerw306 mutant, we propose that a positive feedback
loop, which consists of PI3K, Akt, GSK-3b, APC, and the Par
complex, maintains neuroepithelial polarity (Figure 8C). Recent
conditional knockout mice studies have suggested that
GSK-3a, GSK-3b, and APC are essential for the maintenance
of neuroepithelial polarity (Kim et al., 2009; Yokota et al., 2009).
In the murine developing neocortex, Par3 enhances Notch
activity and inhibits the differentiation of neuroepithelial cells
(Bultje et al., 2009). On the other hand, mild knockdown of
Par3 expression in the developing zebrafish hindbrain and spinal
cord inhibited neurogenic division of neuroepithelial cells
(Alexandre et al., 2010). The role of Par3 in neuroepithelial cells
should be examined further. Another possible downstream
target is Cdc42, which activates aPKC downstream of PI3K (Fig-
ure 8C) (Arimura and Kaibuchi, 2007). Conditional knockout of
cdc42 in murine neuroepithelial cells resulted in the disruption
of adherens junctions and the differentiation of neuroepithelial
cells into INP-like cells (Cappello et al., 2006).
These putative feedback loops may represent key linkages
between the apically restricted mitosis of neuroepithelial cells
and the maintenance of neuroepithelial polarity. Since the
number of mitotic cells that were positioned away from
the ventricular zone was increased in themoerw306 mutant hind-
brain, further analysis of the positive feedback loop should eluci-
date the mechanism that ensures apically restricted mitosis in
neuroepithelial cells.(E) (a) Schematic of the luciferase reporter assay shown in (b). CaCo-2 cells trans
(WT), and L221R-type Moe-FLAG (mut.) vectors were either cultured alone or coc
*p < 0.05; **p < 0.01; ***p < 0.005.Regulation of Notch Signaling by the Crb,Moe Complex
in Neuroepithelial Cells and Neural Precursors
The apical-high basal-low gradient of Notch activity in neuroepi-
thelial cells has been reported to play an important role in their
cell-type specification in the developing retina of zebrafish
(Del Bene et al., 2008). However, the mechanisms that ensure
this gradient of Notch activity remain unknown. In addition, the
function and interacting molecules of the Crb extracellular
domain remain unknown (Bulgakova and Knust, 2009). In the
present study, we demonstrate that the Crb family proteins
bind directly to the extracellular domains of Notch and inhibit
its activity and that Moe counteracts this inhibition. Our results
suggest that the apically localizedCrb,Moecomplex plays a crit-
ical role in maintaining the apicobasal gradient of Notch activity.
A possible explanation for the inhibition of Notch activity by the
Crb family proteins is that their extracellular domains mask the
extracellular domain of Notch, thereby inhibiting the interaction
between Notch and its ligands. Moe has been proposed to regu-
late the localization of Crb in the subapical area just apical to the
adherens junctions in Drosophila and zebrafish (Hsu et al., 2006;
Laprise et al., 2006). Consistent with these observations, the Crb
family proteins appeared to be dispersed from the apical
surfaces of the neuroepithelial cells in the moerw306 mutant
(Figures 2Ae and 2Af). In contrast, a recent report has suggested
that activation of Notch signaling is triggered at the adherens
junctions between the neuroepithelial cells and neural precur-
sors (Mizuhara et al., 2005). Therefore, Moe may secure the acti-
vation of Notch signaling at the neuroepithelial adherens junction
by restricting the Crb family proteins to the subapical area and
distancing the Crb family proteins from the adherens junctions.
In the moerw306 mutant and crb2-overexpressing embryos, the
Crb family proteins would be released from the regulation by
Moe, then may promote the differentiation of neuroepithelial
cells into INP-like cells by inhibiting Notch signaling. It has
been reported that conditional knock out of cdc42 and knock
down of par3 also resulted in an increase in the number of
INP-like cells in the developing mouse cortex (Bultje et al.,
2009; Cappello et al., 2006). The inhibition of Notch by Crb
may also be involved in the increase in the number of INP-like
cells in these mice by disrupting the positive feedback loop as
shown in Figure 8C.
The Crb,Moe complex-Notch pathway is involved in both the
maintenance of neuroepithelial apicobasal polarity and the
restriction of neuroepithelial mitosis to the apical area. As we
have shown in the CSL morphants, in which the transcription-
dependent Notch pathway is selectively impaired, ectopic
mitosis takes place without disturbing the neuroepithelial apico-
basal polarity. Therefore, the ectopic mitosis of neuroepithelial
cells in the moerw306 mutant and crb2-overexpressing embryos
cannot be caused simply by the disturbance of neuroepithelial
apicobasal polarity.
Although a genetic study in Drosophila suggested that the Crb
extracellular domain negatively regulates g-secretase (Herranzfected with the Notch-luciferase reporter construct, Crb2-HA, WT Moe-FLAG
ultured with Dll1-overexpressing 293T cells. The data shown are mean ± SEM;
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Figure 6. Notch Functions Downstream of Moe to Maintain Neuroepithelial Apicobasal Polarity
(A) Visualization of aPKC (a and b) and F-actin (c and d) at 30 hpf, and dorsal views (e, f, and g) at 50 hpf of the embryos treated with DMSO (a, c, and e; 1.0%) or
DAPT (b, d, and f; 100 mM: g; 50 mM) from 6 hpf to the indicated developmental stages. (h and i) Percentages of isl1:GFP embryoswith bilaterally segregated vagus
motor nuclei (normal, open bars, e), partially fused vagus motor nuclei (mild, gray bars, g), and completely fused vagus motor nuclei (severe, black bars, f) at 48
hpf. (h) The isl1:GFP embryos were treatedwith DMSO (2.0%) or DAPT at the indicated concentrations from 6 hpf to 48 hpf. (i) The isl1:GFP embryoswere injected
with the 5-mis-pair control MO (5-mis MO; 0.20 mg/ml) ormoeMO (MO; 0.20 mg/ml) and then treated with DMSO (0.20%) or DAPT (20 mM) from 6 hpf to 48 hpf.
(B) (a–l) The moerw306 mutant embryos (a–i) were injected with the NICD FL (a–c; 60 mg/ml), NICD DANK (d–f; 60 mg/ml), and NICD DCT (g–i; 20 mg/ml) mRNA
species. The WT embryos were injected with CSL MO (j–l; 0.20 mg/ml). These embryos were examined for the formation of the vagus motor nuclei (a, d, g,
and j; dorsal views, 50 hpf), neuroepithelial polarity (b, e, h, and k; aPKC, cross-sectional views, 30 hpf), and intercellular junctions (c, f, i, and l; F-actin,
cross-sectional views, 30 hpf). (m) Percentages of embryos with partially fused vagus motor nuclei (gray bars) and completely fused vagus motor nuclei (black
bars) at 48 hpf. The embryos obtained frommoerw306 heterozygous mutant fish pairs underwent no injection (uninj.) or injection with theNICD FL (60 mg/ml),NICD
DANK (60 mg/ml), andNICDDCT (20 mg/ml) mRNA species. (n–r) In situ hybridization of her4 (n and o) and immunohistochemistry of pH3 (p and q) were assessed
in the WT embryos injected with control MO (n and p; 0.20 mg/ml) and CSLMO (o and q; 0.20 mg/ml). The number of ectopically dividing cells was assessed in
10 mm thick sections (r). The data shown in (r) are mean ± SEM; *p < 0.05.
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Figure 7. R-Ras Functions Downstream of Moe and Notch to Main-
tain Neuroepithelial Polarity
(A) In situ hybridization for r-ras mRNA at 30 hpf in the WT caudal hindbrain.
Cross-sectional view, dorsal to the top.
(B) The formation of the vagus motor nuclei (a, d, g, and j, dorsal view, 50 hpf),
neuroepithelial polarity (b, e, h, and k; aPKC stain, red; cross-sectional views;
30 hpf), and intercellular junctions (c, f, i, and l; F-actin stain, red; cross-
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Notch in Neuroepithelial Polarity and Mitosiset al., 2006), the effect of human Crb on the levels of g-secretase
activity in cultured cells is under dispute (Mitsuishi et al., 2010;
Pardossi-Piquard et al., 2007). In our preliminary study using
ag-secretaseactivity reporter (Guoet al., 2003),wedidnot detect
a reduction in g-secretase activity in the moerw306 mutant (data
not shown), whereas Notch activity was significantly reduced.Neuroepithelial Cells Require Correct Apicobasal
Polarity to Guide Tangential Migration of the Vagus
Motor Neuron Precursors
Time-lapse imaging andmosaic analysis revealed that neuroepi-
thelial cells guide the tangential migration of the vagus motor
neuron precursors. This guidance ofmigration requires themain-
tenance of neuroepithelial apicobasal polarity by the Crb,Moe
complex (Figure 8D). Previously, we showed that neuroepithelial
cells use repulsive signals for this guidance (Ohata et al., 2009a).
Neuroepithelial polarity may be required to maintain the gradient
of repulsive molecules in a medial-high lateral-low status.EXPERIMENTAL PROCEDURES
Zebrafish Strains, Mutagenesis, and Mapping of Mutant Loci
Maintenance of zebrafish, ENU-based mutagenesis, genetic mapping of
mutant loci, andDAPT treatmentwere performed as described previously (Gel-
ing et al., 2002;Ohata et al., 2009a; Tanakaet al., 2007;Wadaet al., 2005;Wada
et al., 2006). The genotype of the moerw306 mutant embryos was determined
based on the size of NruI (Takara)-digested PCR products that were amplified
with the primers shown in Supplemental Experimental Procedures. The
isl1:GFP, Tg(vsx1:GFP) (Kimura et al., 2008), andmoerw306 zebrafish are avail-
able from the National BioResource Project of Japan (http://www.shigen.nig.
ac.jp/zebra/index_en.html) (Okamoto and Ishioka, 2010).
Time-Lapse Imaging of Hindbrain Explant Cultures and Cell
Transplantation
The procedures used for time-lapse imaging were those described previously
(Ohata et al., 2009a; Tanaka et al., 2007). Labeling of WT cells with rhodamine-
dextran (Invitrogen) and transplantation were performed according to stan-
dard protocols (Westerfield, 2007).
Plasmids, Molecular Techniques, and Phylogenic Comparisons
The pGa981-6 and pEF-BOSneo-mDelta1-T7 plasmids were kind gifts from
Dr. T. Honjo (Kyoto University) and the pEF-Fc plasmid was received from
Dr. S. Nagata (Kyoto University). Plasmid construction, mutagenesis of plas-
mids, RT-PCR, generation of sense-capped mRNA, and analyses of amino
acid sequence similarities were performed essentially as described previously
(Hirate and Okamoto, 2006; Ohata et al., 2009a; Wada et al., 2006). The Moe
amino acid sequences used for the sequence comparisons and the sequences
of MOs (Gene Tools) are listed in Supplemental Experimental Procedures.
Injections of mRNA- and MO-containing solutions were performed as previ-
ously described (Ohata et al., 2009a).sectional views; 30 hpf) were examined in the isl1:GFP embryos injected
with the control MO (a–c; 3.5 mg/ml) or r-ras MO (d–f; 3.5 mg/ml) and in the
moerw306 mutants (mut.) injected with NICD FL mRNA (60 mg/ml) plus r-ras
MO (g–i; 3.5 mg/ml) or r-ras(G15V) mRNA (j–l; 60 mg/ml). The vagus motor
neurons are apparent in green (a–l).
(C) TheWT (a and c) andmoerw306mutant (b and c) embryos were injected with
r-ras MO (a and c) and r-ras(G15V) mRNA (b and c) and stained with anti-pH3
antibody. The number of ectopically dividing cells was assessed in 20 mm thick
sections (c). The data shown are mean ± SEM; N.S. is an abbreviation for not
significant.
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Figure 8. Phosphorylation Levels of Akt and
GSK-3b Are Reduced in the moerw306
Mutant
(A) Immunohistochemical detection of total Akt (a
and b) and phospho-Akt (pAkt; c and d) in the
WT (a and c) and moerw306 mutant (b and d)
embryos at 30 hpf. The vagus motor neurons are
also shown (green). Cross-sectional views, dorsal
to the top.
(B) (a) Western blotting with anti-total GSK-3b and
anti-phospho-GSK-3b (pGSK-3b) antibodies of
the WT and moerw306 mutant lysates from 30–34-
hpf embryos. (b) The relative intensities of the
pGSK-3b bands were quantified with the ImageJ
software and normalized to those of the total
GSK-3b bands. Data shown are mean ± SEM;
*p < 0.05.
(C) Schematic of the hypothetical feedback loop,
which may function in the maintenance of neuroe-
pithelial polarity.
(D) A model for neuroepithelial cell guidance of the
migration of the vagus motor neuron precursors.
Cross-sectional view, dorsal to the top.
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Notch in Neuroepithelial Polarity and MitosisHistochemistry, Protein Chemistry, and Luciferase Assay
Fixation of embryos, in situ hybridization, whole-mount staining, cryosection
staining, retrograde labeling of the reticulospinal neurons, the cell-surface
binding assay, and the luciferase assay were performed essentially as
described previously (Eiraku et al., 2005; Ohata et al., 2009a; Wada et al.,
2005; Westerfield, 2007). The rat monoclonal anti-Moe antibody used for
anti-Moe blotting (Figure 1Ch) was derived with the first 13 residues of the
zebrafishMoe protein (MLSFFRRTLGRRS, Invitrogen) as an antigen. The other
primary antibodies used in the present study are listed in Supplemental
Experimental Procedures. F-actin was visualized with rhodamine-phalloidin
(Invitrogen). Cell culturing, immunoprecipitation, immunoblotting, and the
GST pull-down assay were performed essentially as described previously
(Hodkinson et al., 2007; Ohata et al., 2009a; Ohata et al., 2009b). Transfection
was performed with the HilyMax transfection reagent (Dojindo) according to
the manufacturer’s instructions.Statistical Analysis
All results are expressed as mean ± standard error of the mean (SEM), and
analyses were performed with the ImageJ, Excel, and Graphpad Prism
programs. Two experimental groups were compared with the Student’s
t test, and comparisons of more than three groups were analyzed with
one-way factorial ANOVAand Tukey tests. Differences were considered signif-
icant for p < 0.05.SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
five figures, four tables, and two movies and can be found with this article on-
line at doi:10.1016/j.neuron.2010.12.026.228 Neuron 69, 215–230, January 27, 2011 ª2011 Elsevier Inc.ACKNOWLEDGMENTS
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